The computational design of α-helical membrane proteins is still in its infancy but has already made great progress. De novo design allows stable, specific and active minimal oligomeric systems to be obtained. Computational reengineering can improve the stability and function of naturally occurring membrane proteins. Currently, the major hurdle for the field is the experimental characterization of the designs. The emergence of new structural methods for membrane proteins will accelerate progress.
The fields of protein-structure prediction and protein design started after the elucidation of the principles that govern protein folding. After all, the ability to predict structure ab initio stringently validates the understanding of how information is encoded in the primary sequence. Similarly, the ability to design structure and enzymatic activities de novo is the ultimate test for understanding of the biophysical principles that govern folding, stability and function.
Although the field is still far from being able to predict and design structure purely on the basis of physical principles-and it currently relies heavily on empirical information derived from analysis of 3D structures and primary sequences-great progress has been achieved, especially regarding soluble proteins. Protein prediction and design have been fostered by the development of computational methods that can efficiently explore the vast space of possible protein conformations and of energy functions that can effectively rank the most optimal conformations 1, 2 . Progress has also been promoted by the rapid growth of structural and genome sequence databases. The availability of protein structures in the Protein Data Bank (PDB) has provided a testing ground for structural-prediction methods; structural analysis has provided a conformational 'alphabet' (i.e., favorable side chain, secondary, tertiary and quaternary conformations) to be used as building blocks; and structural data also offer templates for homology-based prediction. Similarly, the enormous amount of primary sequence data available today is highly informative regarding the relationship between amino acid sequence and protein folds; the data also contain evolutionary information on structurally important contacts between residues that coevolve. As a result, the design of soluble proteins has progressed far beyond the early focus on the exploration of secondary structure and short-sequence assembly 3 , achieving milestones such as the creation of conformational switches 4 and folds not yet found in nature 5 , and even the design of enzymatically active proteins [6] [7] [8] [9] .
The design of α-helical membrane proteins, which represent ~30% of the entire proteome [10] [11] [12] , has lagged behind in this trend, in part because less structural information is available for membrane proteins, and understanding of folding in the membrane is not fully established. This lag is also a testament to the enormous difficulties encountered during structural characterization of membrane proteins, which hinder the necessary tight integration between computational development and experimental testing. Nevertheless, computational methods are already proving to be important for advancing the biological and biophysical understanding of membrane proteins. In this Perspective, we discuss the current state of design of α-helical membrane proteins, including hurdles and prospects for future development. We consider de novo design as well as functional reengineering aimed at rationally altering the function of natural proteins or enhancing their stability. Finally, we briefly summarize how structural prediction is supporting the design and experimental study of membrane proteins.
De novo design: success of minimalistic functional models
The most complex de novo designs of helical membrane proteins to date have been created by DeGrado and collaborators. PRIME 13 and Rocker 14 are two designs based on the same basic backbone motif, a D 2 -symmetrical antiparallel helical homotetramer (Fig. 1) . D 2 symmetry is ideal for transfer and transport proteins because it places an axis of symmetry parallel to the membrane (x axis in Fig. 1a,c) . It resembles the antiparallel homodimeric arrangement found in natural transporters that are inserted in an opposite orientation with respect to the membrane (or pseudoantiparallel arrangement, when two ancestral monomers have fused into a single polypeptide chain during evolution) 15 . PRIME is a 24 amino acid-long peptide designed to perform electron transfer in membranes. It forms a tetrameric helical bundle, with two pairs of helices that sandwich two non-natural iron porphyrins (Fig. 1a,b) . The design of PRIME was based on the optimization of a number of interactions that stabilize structure and support function: the coordination of the iron, the hydrogen-bonding network and the packing among the side chains and cofactors. The design produced P e r s P e c t i V e a stable complex that binds cofactors tightly. Beyond stability, the complex has remarkable specificity, and mutations predicted to alter the packing or the hydrogen-bonding network severely affect its assembly. The structure of PRIME has not been solved experimentally, but the predicted geometry of metal coordination was verified by EPR. Although full assessment of the functional capabilities of PRIME has not been performed, initial characterization showed that PRIME facilitates electron transfer in a phospholipid bilayer. PRIME is a functional design, but it is static. Recently, Grigoryan, DeGrado and co-workers have made a major step toward the creation of multistate artificial membrane proteins with the Zn 2+ transporter Rocker, a 25 amino acid-long peptide 14 (Fig. 1c,d ). The design of Rocker represents a departure from the rigid tetrameric coiled coil of PRIME and includes introduced backbone motions that facilitate metal transfer between two binding sites and subsequent metal release on the opposite side of the membrane. To enable this transition, Rocker was designed to have two types of helix-helix interfaces: an alanine-coil dimer with tight interhelical contacts and a looser second interface separating the two alanine-coil dimers (Fig. 1d) . The dimer of dimers was designed to adopt two degenerate asymmetric configurations that open a Zn 2+ -binding site to either face of the membrane, thus breaking the intrinsic preference of the homotetramer for the symmetric configuration, which would inhibit transport by enabling both Zn 2+ -binding sites to be simultaneously occupied. The necessary conformational frustration was achieved through a negative-design algorithm selecting against the canonical symmetric configuration 16, 17 (schematic illustration in Fig. 1e) . The design resembles the mechanism of the natural drug-efflux pump EmrE, which also cycles through asymmetrical homodimeric states 18 .
Rocker transports Zn 2+ down a gradient and functions as a Zn 2+ /H + antiporter. Rocker's rate of transport is slow compared with that of natural transporters, but its level of function is notable for a protein obtained by pure computational design, without the aid of further screening of directed evolution. The structure of Rocker was solved by X-ray crystallography, and although the structure is partial (a single alanine-coil dimer with no metal bound), it is in good agreement with the designed architecture of the complex. This work represents a milestone because it is the first time that the structure of a de novodesigned membrane protein has been solved at high resolution.
Structural motifs as building blocks in membrane-protein design
Analysis of sequence-structure relationships has been a key contributor to understanding of membrane-protein folding. Unlike soluble proteins, which combine different secondary elements to display a wide variety of folds, the helical membrane proteins adopt a fairly homogeneous helical-bundle architecture. Therefore, a great deal of analysis has been performed to understand the most favored helix-helix interaction motifs.
The search for recurrent sequence motifs at interacting transmembrane helices began with experimental screening and statistical analysis of the sequence database, such as the work that led to the discovery of the GxxxG motif 19, 20 . With the growth of the number of structures in the PDB, it has become possible to analyze structures for recurring themes. These recurring elements, found in a variety of unrelated proteins, are relevant for design because they are likely to be useful for engineering the stability of specific helical topologies.
Early analysis of helix-helix interaction motifs revealed that ~75% of all such interactions fall within a few structural motifs 21 . Subsequent studies based on a much-expanded structural database indicated that helical dimer motifs of soluble and membrane proteins share similar geometries, but the membrane motifs are enriched in small amino acids, thus facilitating the formation of hydrogen bonds (both side chain-mediated and backbone-mediated hydrogen bonds, i.e., Cα-H  O) 22 . This finding is consistent with the particular importance of hydrogen-bonding interactions in establishing tertiary and quaternary structure in membrane proteins 23, 24 . D 2 symmetry has two axes of symmetry: one perpendicular (z) and one parallel (x) to the membrane. This symmetry is ideal for transfer or transport proteins because it resembles the antiparallel homodimeric arrangement found in many natural transporters. The PRIME peptide (a,b) is 24 amino acids long and was designed for electron transfer. It binds two non-natural iron porphyrins (shown as gray sticks, with iron as red sphere), coordinated by histidine residues. The Rocker peptide (c,d) is 25 amino acids long and was designed to bind Zn 2+ ions (shown as white spheres). Rocker was designed to have two types of helix-helix interfaces: an alanine-coil dimer with close interhelical contacts and a second looser interface between two alanine-coil dimers (d). The zinc is coordinated by histidine and glutamate amino acids. (e) The symmetric conformation of Rocker, which would inhibit transport, has been preferentially destabilized through a negative design protocol performed by assessing the thermodynamic preference for symmetric and nonsymmetric states of the candidate sequences with the VALOCIDY algorithm 16 . The resulting preference for two degenerate asymmetric configurations enables the complex to alternate between states that expose a binding site to either face of the membrane.
npg P e r s P e c t i V e the most recurrent minimal packing units in multipass membrane proteins 25 . Remarkably, only six structural classes of trimers cover a large fraction of the topology of interacting trimers. Bioinformatic analysis has indicated that the recurrent sequence motifs mediating interhelical contacts in the different trimer classes show a high degree of covariation, thus suggesting that these contacts have indeed been preserved during evolution, even in functionally unrelated protein families. Moreover, the motifs anticorrelate with structural flexibility (Fig. 2a) , thus linking their frequent occurrence to a role in local conformational stability ( Fig. 2b-d) .
A clear example of how structural motifs provide opportunities for engineering stability is the creation of computed helical anti-membrane proteins (CHAMPs). CHAMPs are biologically active peptides designed to bind to the transmembrane domain of specific classes of integrins, thereby disrupting association with their natural partner by competing for the same binding surface 26 . The scaffold chosen for the CHAMPs' design was the GAS right motif, one of the most common and stable dimeric motifs, which is characterized by its signature GxxxG sequence motif and stabilized by extensive van der Waals contacts and networks of Cα-H hydrogen bonds 21, 24, 27 . As membraneprotein design continues to target more complex and ambitious goals, common and well-understood structural motifs such as GAS right will provide the components for engineering function around structurally defined and stable frameworks.
Beyond minimalism: the need for better experimental methods
The designs of PRIME, Rocker and CHAMPs are based on short peptide oligomers. Designing small sequences decreases the space of conformations to be searched, but this simplification is not what has driven the field toward this type of 'minimal' functional model rather than toward longer polytopic monomeric proteins. In fact, working with short sequences imposes severe limitations on the complexity of the design and thus paradoxically may decrease the number of possible solutions available for stable and active designs.
In principle, it would be interesting to test the ability to design larger polytopic proteins de novo, but experimental validation of these types of designs is the main challenge. Even with natural membrane proteins, each step in their biophysical characterization-expression, purification, determination of their stability and structure determinationcan be difficult. The minimalist strategy is relatively approachable: the chemical synthesis of synthetic peptides is robust, and measuring oligomerization is easier than determining the folding of a large polytopic protein. Furthermore, the binding of cofactors and the measurement of activity offer an avenue for evaluating designs at an early stage, allowing for validation even if structural characterization fails.
A lowering of the experimental barriers faced today in the structural characterization of polytopic membrane proteins will certainly open the door for expanding these initial successes to a broader variety of designs. This reduced barrier would also enable a closer integration of computational development and experimental testing, as is necessary, for example, to improve the energy functions and to foster the creation of more realistic lipid-bilayer models, beyond the implicit solvent approximations commonly used today 28 . Indeed, recent technical advances in membrane-protein structural biology (X-ray crystallography, NMR and cryo-EM) [29] [30] [31] [32] [33] [34] [35] [36] suggest that more systematic high-resolution characterization of designed membrane proteins may be achieved in the near future.
Functional design and redesign of helical membrane proteins
Beyond de novo design, which stringently tests understanding of the physical principles governing protein structure, protein engineering has also proven to be very effective at manipulating naturally evolved proteins. This strategy is important for better understanding the biophysical and functional properties of biological systems. Other important protein-design goals are improving stability to enable in vitro and structural studies, and functional reprogramming by modulating protein state occupancy, altering binding specificities or influencing the allosteric response.
Engineering stability is particularly important in biophysical studies. Until recently, membrane proteins have primarily been solubilized in detergent micelles, which poorly mimic the physicochemical properties of lipid bilayers and often lead to destabilization or unfolding 37 . Additionally, because a majority of membrane proteins function by changing conformations 35, 38 , high intrinsic conformational flexibility may hinder crystallization, thereby preventing structural determination. This phenomenon has prompted empirical experimental efforts to stabilize membrane proteins (through large-scale scanning of point mutations 39 , directed evolution and selection 40 , and other techniques 41 ). Although these approaches have successfully identified npg P e r s P e c t i V e thermostabilized variants of numerous membrane proteins, most of these variants have been trapped in a given conformational state and consequently have often been functionally impaired. For example, neurotensin-receptor variants evolved for stability cannot signal unless their functionally important residues are reverted back to their identity in the wild-type receptor 42 . This issue highlights the need for rational computational engineering approaches that can deconstruct mutational effects on protein stability and function. Chen et al. combined structure-based computational protein design techniques and bioinformatics analysis to select highly thermostabilized variants with a minimal number of designed mutations, as demonstrated by their selective stabilization of the inactive-state conformation of a GPCR 43 (Fig. 3a) . By combining structure and evolution-based sequence analysis, the authors have identified nonconserved residues forming suboptimal interactions with their environment (Fig. 3b) . The authors initially hypothesized that mutations could readily be identified at the sites stabilizing the protein without disrupting protein folding and function. They then designed combinations of mutations in silico from 20 possible amino acids at each putative metastable site, by using objective physical criteria. Remarkably, the designed variants displayed experimentally enhanced thermostability by up to 31 °C from the wild type and up to 11 °C from a variant selected by scanning mutagenesis. As intended by the calculations, the designed mutations induced up to a 396-fold decrease in agonist affinity, thus indicating that computational design can modulate receptor pharmacology. The method was also able to predict the thermostabilization effects of 70% of empirically selected mutations for diverse GPCRs. Interestingly, whereas packing defects and unsatisfied polar residues were repeatedly found in GPCR structures, their exact locations appeared to be specific to each receptor member or subfamily. These findings suggest that, by promoting specific local conformational flexibility, metastable motifs might encode functional selectivity in the conformational changes governing GPCR signaling.
The origin of the stabilizing effects of empirically selected mutations in GPCRs has been rationalized through molecular dynamics 44 . Overall, the analyzed mutations were found to contribute both enthalpically and entropically to receptor thermostabilization. The combination of effects includes increased favorable tertiary interactions and increased receptor rigidity associated with decreased collective motions and the presence of ordered water molecules. These findings highlight the diversity of potential stabilizing determinants that can be computationally targeted through use of rational amino acid substitutions. However, modulating many of these properties-such as conformational dynamics, correlated motions and protein core hydration-by computational design remains a major challenge, owing to the high associated computational costs.
Reprogramming membrane-protein function represents another major area of computational protein engineering. Because the binding of extracellular molecules regulates intracellular signals or transport in numerous classes of membrane receptors, developing protein variants with altered ligand binding or sensing properties is an active area of research. Empirical approaches have been used to engineer GPCR variants activated solely by synthetic drugs not recognized by native receptors 45, 46 , through mimicking the lock-and-key strategy used to design selective protein kinase inhibitors 47 . GPCRs with reprogrammed ligand binding selectivity should provide the next generation of molecules to allow deconstruction of the role of native GPCRs in complex signaling responses and to design of new therapies. Recent advances in computational techniques to design protein ligandbinding sites 48 have suggested that such approaches may be feasible to manipulate membrane-protein functions.
A second avenue for reprogramming the responses of receptors to extracellular stimuli is modulating the allosteric properties encoded by the receptor sequence and structure. Recent approaches interpreting conformational dynamic fluctuations extracted from molecular dynamic simulations have identified networks of highly dynamically correlated residues in membrane proteins [49] [50] [51] . These residue networks can in principle propagate changes in structure and dynamics across the receptor by providing allosteric pathways connecting extracellular to intracellular binding sites. Preferentially targeting these residues in protein design may provide an effective approach to engineer membrane proteins with altered allosteric and signaling responses to native ligands.
All the above rational engineering strategies for thermostabilization and functional reprogramming hold promise for furthering the structural and functional understanding of membrane proteins. A major complication, however, is that these design approaches rely on high-resolution structural information. In the absence of experimental structures, the application of these methods can be extended to structurally uncharacterized membrane proteins, depending on the accuracy of models obtained by structure-prediction techniques.
Structure prediction in support of membrane-protein design
Computational design and structure prediction are closely related technologies. Prediction seeks to find the most favorable structure for a given sequence within a large conformational space. Design aims at identifying the sequence that would best stabilize a given backbone structure among a large number of possible amino acid combinations. Although the objectives are different, the two procedures share many underlying methodologies. Therefore, progress in one area may lead to progress in the other area. However, the most important role of structure prediction in relation to design is to provide structural templates. Because structural information remains limited for membrane proteins, accurate structure prediction can in principle extend membrane-protein engineering efforts beyond the minority of proteins of known structure.
Until recently, most prediction efforts focused on de novo structure prediction (i.e., from sequence). Whereas folding small protein npg P e r s P e c t i V e domains has become feasible 52, 53 , predicting the structure of larger proteins with complex topologies remains challenging 54 . Recent breakthroughs in predicting inter-residue structural contacts from genome-sequence coevolutionary signals have improved the accuracy of large predicted membrane-protein structures and protein binding interfaces [55] [56] [57] . Whereas de novo prediction has not yet reached the level of accuracy necessary to guide protein-design applications, homology-based models are becoming sufficiently accurate to allow transmembrane protein regions to be designed 58 . As the membrane-protein structural database continues to grow, an increasing number of proteins can now be modeled from homologs with solved structures. Methods such as Modeller 59 , I-TASSER 60 and Medeller 61 regularly achieve high structural accuracy when multiple close-homolog structures are available. Approaches combining de novo structure reconstruction with homology-based techniques have also emerged, thereby extending the high-accuracy regime to proteins whose closest solved homologs have lower sequence identity (i.e., down to 15%) 58, 62, 63 . The major remaining challenge concerns the accuracy of loop regions, which often diverge among homologs. Because these regions contribute to the recognition of substrate, allosteric modulators and cytoplasmic effectors, the ability to completely redesign membrane proteins will largely depend on future improvements in loop modeling techniques 64, 65 .
Concluding remarks
The computational design of α-helical membrane proteins, compared with soluble proteins, is still emerging. Nevertheless, encouraging progress has been made in recent years, including adopting minimal oligomeric systems to create active assemblies and succeeding in reengineering natural membrane proteins to modulate their stability and function. Currently, the major hurdles for membrane-protein design reside in the difficult experimental structure determination of both natural and artificial proteins. The emergence of new methods for structural and biophysical characterization of membrane proteins will probably support a tighter integration of computational development and experimental testing and consequently accelerate technological progress. With these advances, computational design holds promise to become a key tool for investigating the structure and function of membrane proteins and an integral component in biotechnology, synthetic biology and therapeutic applications.
